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Abstract 
Experimental results are reported on the L-
star instability characteristics of three AP I com-
posite propellants. The metal content of the pro-
pellants is 2%, 16%, and 16%. Chuffing, bulk mode 
oscillations, and time-independent combustion are 
observed with all three of these propellants. The 
stability boundary, defined as the boundary be-
tween time-independent and unstable combustion, 
is found to be well defined for two of the propel-
lants in agreement with recognized trends avail-
able in the literature on other propellants. The 
frequency of bulk mode oscillations is presented 
as a function of the chamber characteristic length. 
One of the propellants tested has shown bulk mode 
instability at as high a pres sure as 217 psia. All 
of these tests were performed in a stainless steel 
L'~ motor with convenient, interchangeable stain-
less steel nozzles. The troublesome blockage of 
the small metal nozzles by the aluminum oxide 
slag was Overcome in most of these tests by the 
application of viscous silicone oil on the nozzle 
surface before each run. This technique is being 
pursued further, with plans for the inclusion of 
silicone compounds in propellant formulation, to 
reduce heat transfer to the inert nozzle. 
1. Introduction 
Instability in solid propellant rocket motors 
continues to be a major problem in most, if not 
all, developmental programs. While sufficient 
understanding is not available at the present time 
to forestall (or even forecast) its occurrence, it is 
recognized that the contribution of the propellant 
itself to the instability is of crucial importance. 
For instance, it is known that "minor" composi-
tional variations in propellant formulation can of-
ten make all the difference between stable and un-
stable operation in a motor. Extensive research 
is currently in progress to improve our under-
standing of instability. Of the se, the more funda-
mentally oriented studies tend to select the sim- '" 
plest of situations for a detailed analysis. The L"' 
mode of combustion instability appears to be, by 
far, the simplest of unstable operations. On ac-
cS,unt of this simplicity, and its intrinsic interest, 
L"' instability has been the subject of extensive 
theoretical and experimental effort, as is evident 
from the list of references and related literature. 
Even for all of these efforts, some of whichlO, 16, 21 
are explicitly aimed at theoretically reconciling 
the experimental observations, the main conclusion 
at the present time appears to be (see, for example, 
ref. 14) that a fundamental understanding does not 
exist of this "simplest" form of instability. 
The term L~< instability is used to denote any 
of several possible phenomena: chuffing, or inter-
mittent combustion, bulk mode instability (BMI) 
involving periodic oscillations superposed on a 
mean chamber pressure, neither of which may 
have a constant value as time varies, and :;,everal 
combinations of these including the depressuriza-
tion rate'(dp/e.t) extinguishment. The essential 
features of L'" instability were discussed by 
Copyright © American 'ilstitutt. ')f Aeronautics and 
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Price 2 • Additional experimental observations of 
the stability boundary (i. e. , the boundary between 
tipe-independent and unstable combustion in the 
L'" mode), on frequency of oscillations and related 
quantities have been reported on various propel-
lants 8 - 19 . Related work has appeared from many 
other centers also. In their studies on composite 
modified double-base propellants, Watermeier, et 
al. 1 found that the periodic agglomeration and 
shedding of aluminum led to low frequency insta-
bility. They als 0 induced oscillations externally by 
having a siren over the exhaust. In general, there 
appears to be agreement6 - 8 ,15 that aluminum tends 
to promote the low frequency instability because of 
this natural shedding frequency and also because 
the aluminum oxide is not effective at low frequen-
cies in damping instability in the gas phase. 
Considering the simpler system of non-metal-
lized composite propellants, the frequency of BMI 
oscillations has shown good correlation with the 
chamber characteristic length (see ref. 11, for ex-
ample). Standard normalizations of the frequency 
(w)t/r 2 ) and the characteristic length (L':< .;-
[(c':<r2)1 (4)tR T )]) have been found to correlate 
data rather weh for some propellants 8 ,lO. It has 
been 'recognized for some time that the usual 
treatments that model the condensed phase as)1O-
mogeneous may not be adequate to describe L'" in-
stability and that the condensed phase heterogeneity 
may be the essence of BM1. Such "preferred fre-
quency" oscillations were discussed in ref. 5 and 
given extensive coverage with bimodal oxidizer 
particles in ref. 14 where the natural length scale 
in the condensed phase was thought to be the oxi-
dizer particle size. This "layered freq uency" con-
cept (f = ria) indicates that a monomodal distribu-
tion of oxidizer particles in the propellant may 
lead to better defined results. Such monomodal 
distributions of AP particles in the same binder 
system (PBAN) were indeed used and extensive 
data were obtained 18 , 19. The results showed 18 
that the correlation of frequency with L':< was lim-
ited to each oxidizer particle size only and not 
universally valid when widely different monomodal 
oxidizer sizes were involved. The data processing 
indicated that the oxidizer particle size directly 
controls the frequency of oscillations, thus con-
firming the earlier layered-frequency concept. 
Among the advantages of working with mono-
modal oxidizer particle s is the important fact that 
the 8,article size which seems to be so important 
in L'" instability is much better defined than with 
multimodal distributions. However, it is recog-
nized that even the monomodal distributions are 
not free from ambiguity in the existance of a dis-
tribution rather than a sharply defined size and the 
non-spherical shape of the particles. Nevertheless, 
these uncertainties are certainly less than what 
multimodal distributions offer. 
Generalizing the same logic, it was planned to 
make the simplest of changes in"these sim~le for-
mulations to study the effect of metal on L" insta-
bility. With the available data on the non_metallized 
version of the propellants, the tests were thought to 
be the next lOJ;;ical step towards a better under-
standing of L'" instability. ,.:rhus, the propellant 
that had shown extensive L'" instability earlier18 ,19 
was chosen (A-l3) and two per cent aiuminlllll was 
included in place of AP. The data are presented 
both in the conventional way and in terms of the 
normalized variables developed in ref. 18. 
In addition to this propellant, data have also 
been obtained on two other representative propel-
lants from technological applications. One of 
them, LS-60, uses PBAN binder and a bimodal AP 
with 161> aiuminlllll, and is thought to have its com-
position close to large booster candidates. The 
other propellant is the TPH. This uses the CTPB 
binder in a trimodal AP blend with 161> aluminlllll 
used in a bimodal blend. This propellant was used 
in the Surveyor retrorocket. The data presented 
on these propellants add to the extensive data ob-
tained on other propellants elsewhe:se and are be-
lieved to aid one interpretation of L"< instability of 
metallized composite propellants. 
The scope of the present study includes pres-
sure time histories in a stainless steel L':< motor 
with metal nozzles. The troublesome blockage of 
such small metal nozzle s with the allllllinum oxide 
slag was minimized in these tests with the novel 
use of viscous silicone oil on the surface of the 
nozzle before each run. While the physicochemi. 
cal processes behind the beneficial effect are not 
understood, the method has been found to be ex-
tremely effective in preventing the chamber pre s-
sure from rising steeply during a run. Also, one 
of the propellants tested (LS.60) has shown BMI at 
as high a pressure as 217 psia, thus alerting us to 
the possibility of high pressure occurrences of 
this "low pressure" phenomenon with composite 
propellants. 
The experimental procedure is briefly de-
scribed in Section II. The experimental results 
are presented in Section III, including a matrix 
of the experimental variables involved. Section IV 
attempts to inJerpret the data in terms of pre sent 
concepts of L''- instability. The salient conclusions 
and projected future work are outlined in Section V. 
II. Experimental Procedure 
The experiments were conducted using the fa-
cilities at JPL. The L':< burner (fig. 1) is a 2i" di-
ameter stainless-steel cylindrical chamber that 
has its two ends covered with the nozzle end plate 
NE and the piston end plate PE. The piston end 
plate has passing through it a threaded rod R at 
the end of which is a stainless steel piston (2i"-
dia.). The propellant to be tested is bonded before 
each run to this piston. The pressure is sealed 
by the two O-rings shown at 01 and 02. The noz-
zle is a stainle s s steel piece that is machined 
contoured and s crews into the nozzle end plate 
with pressure seal at 03. Nozzles of various 
throat diameters are available and are used inter-
changeably with ease. The position of the piston 
in the chamber determines the chamber free vol-
ume (V c) al},d is preset with the use of the lock nut 
(L). The L'" motor is mounted rigidly on a table 
with a 1" (heavy wall) tube stock of short length 
(M). The exhaust is to the atmosphere (usually 
14. 3 psia). 
The pressure in the chamber is measured 
continuously during a run by one of the Teledyne 
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tie rods 
I 
Fig.!. The L'~ Burner. 
Taber gage 
Taber gages (strain gage type), different ones be. 
ing used for different pressure ranges of interest. 
The pres sure tap is a 1/8" hole that communicates 
with the chamber as shown in fig.!. (Earlier runs 
had used a hole parallel with the axis of the cham-
ber, but the Taber gauge at the end of the plate got 
in the way of mounting the burner on a vacuum 
manifold in those runs that used a vacuum exhaust. 
Comparisons of the pressure measurements with 
these two orientations of the pres sure taps have 
revealed little difference in the pressure time his-
tory under otherwise similar conditions of firing. 
This observation is hardly surprising, since bulk 
mode instability is considered in the present case. ) 
The electrical output from the gage was amplified 
by a Dynamics (Instrumentation Co. model 6122) 
amplifier and recorded on one channel of an oscil-
lograph (either a CEC 5-124 or a Honeywell 1912 
Visicorder). Since the highest frequency encount. 
ered was about 100 Hz, the frequency response of 
the instrumentation was not a limiting factor. 
The ignition procedure employed is the one 
that has been found to work best both at NWC and 
JPL. The well-known X-225 igniter paste is ap-
plied in a thin layer over the surface of the propel-
lant and a pellet of the X-225 (teardrop), at the 
center of which is the nichrome heater wire, is 
bonded to the center of the surface. The size of 
the pellet and the thickness of the surface layer 
can have profound inlwences on the nature of a run, 
as described earlier . These two variables have 
to be carefully tailored to meet the req uirements 
of each particular run. The igniter leads (copper) 
from the nichrome wire are led out through the 
nozzle and are hooked to a 28 V d. c. power supply. 
In some of the runs, particularly with the TPH 
propellant, the need was felt for an igniter paste 
that would burn considerably slower than the X-
225. A new paste called CIT-IP-I, which has 
aiuminlllll substituted for the fine titanium in the 
X-225, was formulated and was found to serve its 
purpose rather admirably. 
At the end of each run, even if the propellant 
was not fully consumed, the chamber free volume 
was determined by filling the chamber with water 
up to the throat of the nozzle. 
In many of the earlier runs the aluminum ox-
ide slag, from the aluminum in the propellant, 
continuously accumulated on the nozzle surface, 
and the effective throat area was thus decreasing 
continuously during a run. The undesirability of 
such a ph~nomenon is clearly revealed by the ris-
ing pressures, as shown in fig. 2(a). In an attempt 
to obviate this slag buildup, viscous silicone oil 
was applied on the nozzle surface before each run. 
In most cases, this procedure has been found to be 
extremely effective in reducing the slag buildup, 
at least for the run durations of interest in our 
case (usually of the order of 10 sec.). The changed 
pressure trace is shown in fig. 2(b). 
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Propellant: 
-time~ 
LS-60 
Metal Content: 16% aluminum 
0.349" diameter Nozzle Throat Size: 
Fig.2(a). The nozzle blockage problem. 
Fig.2(b). Typical trace with silicone oil on nozzle 
surface with the same propellant as in 
Fig.2(a). 
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III. Experimental Results 
The experimental results were obtained on the 
latter three propellants noted in Table 1. The A-13 
propellant was not tested in the present program, 
but extensive data are available on this propellant 
from an earlier study 18, 19. The linear regression 
rate vs. pressure curves obtained in a Crawford 
bomb under nitrogen pressure are presented in 
fig. 3. The propellants have the following signifi-
cance. The A-13 propellant has been found to be 
readily unstable in many of our studies,and exten-
sive data are available, not only in the L':' burn-
er 18 , 19,25 but also in the T_burner 26 at the high-
er pressures and frequencies of interest. Thus, 
the first modification with 2% aluminum inclusion 
is thought to aid data interpretation of the A-13-2A 
propellant. Similar propellants have of course 
been extensively tested elsewhere. The TPH-3274 
propellant was used in the Surveyor retrorocket, 
and is of some practical importance. The LS-60 
propellant is thought of as a pos sible candidate for 
large solid rocket boosters currently being con-
sidered for various applications. 
1 ) 
2) 
3 ) 
4) 
Table 1. Propellant Compositions 
A-13 
PBAN 
Epon Resin 808 
Ammonium Perchlorate 
("ninety" micron) 
A-13-2A 
PBAN 
Epon Resin 808 
Ammonium Perchlorate 
("ninety" micron) 
Aluminum (16 micron) 
TPH-3274 
HC-434 Polymer, 
ERL-0510 } 
Linoleic Acid 
Chromium octoate (diluted, 50% ) 
Ammonium Perchlorate 
400 micron (spherical) 
200 micron (s pheric al) 
80 micron (ground) 
Aluminum 
5 micron 
30 micron 
LS-60 
PBAN binder system (PBAN 77 + 
Epon 828) 
Ammonium Perchlorate (bimodal) ':' 
Aluminum (Alcoa 1230) 
':'21 % no. 8 grind, 49% unground 
Weight 
Percent 
20.4 
3.6 
76. 0 
100. 0 
20.4 
3.6 
74.0 
2. 0 
100. 0 
13.98 
O. 02 
52. 00 
12. 00 
6. 00 
8. 00 
8. 00 
100. 00 
14. 00 
70. 00 
16. 00 
100. 00 
A typical pressure trace obtained in these runs 
is presented in fig. 4. This represents the chamber 
pressure as a function of time. Because of exten-
sive time compression, many of the details are not 
seen but are clearly revealed in a time-expanded 
oscillograph trace. 
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Symbol Propellant 
A-13 (non-
metallized) 
• A-13-2A (2% At) 
.., TPH-3274 (16% 
At) 
• LS -60 (16% At) 
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Fig. 3. Crawford bomb data on the propellants used in this study. 
-TI""1~~ 
Fig. 4. Typical Pressure_Time History. 
We observe the ignition "pulse" at Ig followed 
by some chuffs at I. As SOI]le of the propellant 
gets consumed, the chamber free volume (V ) and 
h~?ce the s;haracteristic length L~' (by its delinition 
L'" == V cl A"') increases and at A, we see the estab-
lishment of a mean chamber pressure (P ). Bulk 
mode pressure oscillations are superpos~d on the 
mean chamber pressure and they may grow or de-
cay in amplitude. Point C is defined as the point at 
4 
which the bulk mode oscillations merge with the 
general "noise" level characteristic of time-inde-
pendent combustion of each propellant. With non_ 
metallized propellant~, particularly with fine oxi-
diz~;r particles, the "noise" level is extremely low 
But with metallized propellants, particularly with 
coarSe oxidizer particles, the noise lev'el is fre-
quently very high and obscures the precise deter-
mination of the point at which the bulk mode oscil-
lations disappear. 
These features are much better seen in the 
time-expanded traces shown in figs. 5 and 6. In 
such cases, a linear extrapolation of the decreas-
ing amplitude as it intersects the mean pressure 
line has been taken as the point C, i. e., the point 
of disappearance of the oscillations. 
Contrasted with the well-defined behavior of 
A-13-2A and LS -60, the TPH propellant frequently 
yielded pressure traces such as the ones shown in 
figs. 7(a) and 7(b). 
The chamber free volume which is needed to 
compute the characteristic length can be computed 
from the volume at burnout if the amount of propel-
lant consumed at each point in time is known. 
Knowing the regression rate at each pressure, fig, 
3, we can calculate the propellant consumption in 
the chamber. However, as is well known, the 
propellant does not obey the simple picture of 
linear regression during the chuff mode and care 
is needed in calculating the instantaneous chamber 
free volume V c' The runs were usually such that 
either time-independent or BMI occurred near 
Fig. 5. Dpical Pressure-Time History of 
A-13 -2A Propellant. 
I 
burnout. Thus, the computation of the free volume 
was started at the burnout point and proceeded 
backwards in time until the desired points were 
computed with free volume given by 
lTD2 _ 
V c = V burnout - -4- . rX t 
This procedure was not used in the chuff mode 
combustion but only during time-independent or 
EMI combustion. 
5 
Fig. 6. Typical Pressure-Time History of LS-60 
Propellant. 
The experimental range of variables is indi-
cated in Table II. All four modes of combustion 
were seen with the;;e propellants. 
The experimental results are presented in 
tabular form in Tables III - V. 
U 
III 
III 
<iE-- pressure ---
Fig.7(a). Typical Pressure-Time History of 
TPH Propellant. 
Fig.7(b). Typical Pressure-Time History of 
TPH Propellant. ~ ~ ];lressuJ,'e--
Propellant Pressure L 
>1< 
Range, Frequency 
Range, psia cm Observed, ' 
Hz 
LS-60 35-250 5-106 20-70 
(atmospheric 
during chuff) 
TPH-3274 31-72 10 -1 00 11-16 
A-13-2A 27-125 15-100+ 45-95 
A-13 28-112 22-150+ 36-107 
(earlier) 
Table II. Experimental Range of Variables. 
The Stability Boundary 
While it is obvious from pressure traces 
(such as figs. 5) that the motor operation goes from 
the unstable to the stable regime of combustion, 
some questions seem to have remained on the pre-
cise location of the stability boundary itself. In the 
strictest sense of linear analyses, the stability 
boundary is defined by the condition (the growth 
constant for infinitesimal disturbances) o,g = 0 . 
Hence, a plot of 0, extrapolated to ei.= 0 axis .l.nay 
determine the bouRdary at various values of L'" 
and P. Another way is to map the regions of sta-
ble and oscillatory burning in discrete firings. 
Yet another way is to recognize that in the linear 
regime, the amplitudes are as sumed to decay ex-
ponentially in time in the stable regime. Hence, 
the point at which an exponential decay appears 
may be taken as being very close to the stability 
boundary. In the present case, it has been taken 
in the past 8, 10 that the point A (in pressure 
traces such as fig. 5) is the stability boundary, 
since the point A represents the boundary between 
growing and decaying pressure oscillations. How-
ever, the decreasing pressure amplitude seen in 
the segment A-C is not in a stationary system. 
The chamber characteristic length is varying in 
time because of propellant consumption. In fact, 
the propellant burns at a constant rate at a given 
pressure, and hence the chamber free volume is 
increasing linearly in time in the regime AC . 
The decay of pressure amplitude is also line-
ar in time and not exponential, and is thought to 
correspond with this linear change in L':< with time. 
Hence, although the pressure amplitude is decreas-
ing in time, the regime of operation appears to be 
still unstable. Thus, the point C where the pre s-
sure amplitude merges with the "noise" level in 
time-independent combustion is taken as the sta-
bility boundary. Even when the starting points 
(i. e., points such as A in fig. 4) are different, 
which is achieved either through the use of propel-
lants of different initial thickness or through a dif-
ferent initial setting of the piston position, the os-
cillations have been seen to disappear at the same 
points, such as C, within experimental error. 
In some other instances the determination of 
the stability boundary was not so straightforward. 
Frequency of Oscillations 
It is a very straightforward procedure to com-
pute the frequency of oscillations from the pres-
s ur e,.7 time history. The determination of the value s 
of L'" at each location is not so simple, particular-
ly when the location of interest happens to be the 
middle of a chuff or isolated by periods of no ap-
parent activity. This is because the amount of 
propellant consumed during such phases of opera-
tion is undetermined, at l~ast in the present study. 
However, wherever the L"< could be determined 
with a fair degree of certainty, the frequency is 
reported as a function of L':< in the tables. 
The stability boundaries for the propellants 
are presented in figs. 8, 9, and 10, and the frequen-
cy is presented as a function of L':< for all three of 
the propellants in fig. 11. 
8 
u 
L5 2 2.5 
P psia 
For example, as shown in fig. 7(a), a period of Fig. 8. 
chuffing or BMI with a resulting (dp/dt) "extin_ 
Stability Boundary of the LS -60 Propellant. 
guishment" was followed by time -independent com-
bustion. In such cases the point at which the time-
independent combustion started is taken as the 
stability boundary [C in fig. 7(a)]. This follows 
from the definition that the stability boundary iso-
lates regions of stable and unstable motor operation. 
1 
s 
u 
o 
o 
o 
100 
P psia 
Fig. 9. The Stability Boundary of the TPH-3274 
Propellant. 
IV. Interpretation and Discussion 
The two popular aspects of L':< instability, 
namely the stability boundary and the frequency of 
BMI, are discussed below. (As was ITlentioned 
previously18, 19, the liITliting pressure amplitudes 
during BMI have not been well correlated so far. 
This aspect is probably so nonlinear that siITlple 
treatITlents are not ITleaningful. In any case, the 
extensive coverage of the liITliting aITlplitudes in a 
ITluch siITlpler non-ITletallized systeITl I8 , 19 and the 
non-eITlergence of a satisfactory explanation, 
coupled with the fact that the liITliting aITlplitude s 
do not norITlally receive in the literature the saITle 
iITlportance as the frequency, etc., have all con-
tributed to the present reluctance to discuss theITl.) 
The Stability Boundary 
The LS -60 propellant has indicated (fig. 8) a 
stability boundary that is norITlally accepted as the 
8 
o 
o _____ ' __ ~ 
- -- -~---------- r~---- ---
---~----I '1(------, -- -
l1li 
- -- ----I-
s • u 
j:-~ 
•• 
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Pre s sure psia 
l1li _ 
.~­
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Fig. 10. The Stability Boundary of the A-13-2A 
Propellant (0) and COITlparisons with the 
Earlier A-13 Data ()(). 
h 
'6, i5" 
observed s ape The points on the log-log 
plot appear to be well correlated by a straight line 
except for the two data points around P = 180 psia 
and L'" = 45) CITl. These two data points are aITlong 
the best obtained, and it is hard to ascribe theITl to 
experiITlental error. SOITle further experiITlents in 
that regiITle ITlay be of value in deterITlining the ex-
act behavior of the propellant. 
If any errors occurred at all in the cOITlputa-
tion of the value of L':', they are likely to ITlove 
these points .farther away froITl the general trend 
in that the L'" values ITlay be a little higher due to 
any nozzle coating, due to aluITlinUITl oxide slag. 
Although the nozzle blockage was very little, as 
evidenced by the pressure-tiITle histories, a sITlall 
decrease in th:r:,.oat size can not be ruled out, and 
the effective L'" value would consequently be higher. 
The slope of this boundary appears to be ITluch less 
than what has been seen sOITletiITles with a high per-
centage of aluITlinuITl in propellant forITlulation 15. 
However, the data of Beckstead8 on the XF propel-
lant (10% aluITlinuITl) indicates a slope of the saITle 
general value as has been obtained here. This 
seeITlS to indicate that the binder systeITl is proba-
bly iITlportant in deterITlining not only the slope of 
this curve but also its variations with aluITlinuITl 
contant. Strand 15 used the polyurethane systeITl 
and found that the boundary becaITle progressively 
steeper as the aluITlinum content varies froITl 0% to 
16%. The other data7 indicate that the slope of the 
dp/ dt extinction curve on the L':< -P plot is not ITluch 
affected as the aluITlinUITl concentration is increased 
co 
Run 
No. 
268 
269 
271 
272 
273 
274 
275 
276 
277 
278 
279 
280 
281 
282 
283 
285 
288 
289 
290 
292 
293 
300 
301 
302 
303 
304 
305 
306 
Nozzle 
Throat 
(inch) 
0.312 
0.312 
0.386 
O. 386 
O. 349 
O. 349 
O. 349 
O. 327 
O. 327 
0.312 
0.298 
0.272 
0.272 
0.272 
0.262 
0.25 
0.237 
0.237 
0.223 
0.223 
0.237 
0.25 
0.262 
0.262 
0.262 
0.262 
0.262 
0.262 
* L at 
Burnout 
(em) 
123.5 
83.0 
70. 1 
51. 7 
61. 5 
38.75 
61. 4 
72.0 
66.4 
66.8 
81. 0 
90.9 
92.2 
90.9 
114.6 
123. 1 
21. 15 
137.2 
151. 0 
134.9 
130. 1 
104.0 
117.5 
25.8 
106.3 
100.9 
109.0 
100.9 
Table III. Experimental Results on the A-13-2A Propellant 
_Large Am~1itudes (Point A) or Start ~termediat~ Amplitudes (Point B) 
P (psia) L (em) f (Hz) Ip'l P (psia) L (em) f (Hz) I P' I 
(psig) (psig) 
38.4 ---- time-independent combustion ---------------------------
36.0 ---- chuff followed by time-independent combustion ------------
------------- -- chuffing combustion only ----------------------- ____ _ 
27.65 
chuf£ing combustion only ----------------------------
62.5 
28. 1 
60-61 
38.75 
45 
62 
3.45 
5.45 
- - - - - - - - - - - - - - chuffing followed by time -independent combustion - - - - - - - --
31. 75 
31. 45 
37. 1 
60.4 27.8 
53.8 15.1 
62. 8 16.9 
chufiing followed by time-independent combustion ---------
chufiing followed by time -independent combustion - - - - - - - --
chuffing followed by time -independent combustion - - - - - - - --
chufiing followed by time-independent combustion --------
75 
85.75 
95 
55.8 40.75 
24 
39.4 
20.4 
39.5 
48.5 
40.8 
39 
32 
46.875 
51 
75.7 
66.6 
66.6 
27.4 
16.05 
23.65 52. 1 39.2 
~abi1,ity BOWldary (Point C) 
P (psia) L (em) f (Hz) 
36. 0 
27.0 
31. 2 
32.6 
34. 1 
32.98 
36.5 
33.0 
60.4 
55. 0 
62.8 
58.8 
54.5 
25.7 
61. 0 
33.0 
54.2 
18. 3 
12.85 
6.98 
18.3 * 
41. 4 
25.2 
40.5 
52.5 
62.8 
83.4 
70 
66.6 
71. 0 
94. 3 
106.6 
124.5 
113.6 
103.3 
21 
71. 5 
66.6 
95 - - - - (dp / dt) exting uishment - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
71. 6 
71.9 
67.5 
68. 1 
61. 5 
77.5 
64.55 
- - - - - - - time -independent combustion - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
- - - - - - - time -independent combustion - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
- - - - - - - - - - time -independent combustion - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
- - - - - - - - - - time -independent combustion - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
20.6 80 46.5 74.1 29.7 71 29.7 76.55 38.8 75 
- - - - - - - - - - - time -independent combustion -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --
25.8 
36.9 
33.6 
32.9 
24. 95 
70 
68 
80 
72 
75 
53.2 
44.7 
24.15 
30.3 
38.65 
--------- (dp/dt) extinguishment -----------------------------
68. 1 
62. 1 
77.5 
66.475 
48.5 
39.6 
39.05 
36.35 
65 
76 
70 
70 
31. 4 
10.875 
18. 15 
31. 4 
68. 1 
62.7 
77.5 
67.4 
60.1 
45.6 
51. 0 
47.75 
66 
75 
69 
70 
Table IV. EXEeriInental Results on the TPH ProEellant. 
~, 
Run D Starting Point Intermediate Point Burnout 
No. (in. ) P * ~tability Bo,rndary) P (psia) * (psia) L (cm) P (psia) L (cm) f (Hz) L (cm) 
210 O. 312 33.98 9.91 48.25 16.22 52.68 50.68 
211 0.312 41. 05 very small 41. 05 18.51 15.4 49.81 38.52 
212 0.327 44.32 very small 38.97 4.06 39.79 33.22 
217 O. 327 37.48 36.61 34.3 70.61 11. 1 34. 3 92.28 
225 0.338 31. 76 17.85 32.72 48.87 11. 1 28.65 69.96 
231 0.312 32.23 11. 83 36. 92 32.74 12. 5 51.64 72.99 
32 0.312 36.43 1.8 37.66 6.43 71. 68 62.85 
233 0.327 43.60 very small 34. 6 53.52 34.6 53.52 
235 0.327 34.64 34.76 31. 17 65.46 11. 1 35.13 90.44 
239 O. 349 30.04 4.59 30. 66 38.59 33.44 53.47 
Table V. Experimental Results on the LS-60 ProEellant. 
Run D~< Starting of the Large Intermediate Region "G" Burnout Region 
No. (in. ) Amplitude Region in the Stability Boundary 
P(psia) * L (cm) f (Hz) P(psia) * L (cm) f (Hz) P(Esia) * L (cm) f (Hz) 
246 0.375 41. 81 13.8 36.98 35 35.49 56. 1 
247 0.375 35.95 64. 3 35.94 85.4 37.06 106.6 
248 0.349 33.05 50.8 48.68 52. 35 44.3 99.7 
249 0.349 42.71 11. 1 23 48 16.16 (G) 51. 19 60 
250 0.349 43.74 4. 6 32 51. 8 26.5 (G) 60 72.77 53.5 
251 0.349 45. 37 3.0 30 45.61 13.21 (G) 69.54 51. 9 
252 0.327 46. 99 very 33 54.81 8 (G) 105.33 64.6 
small 
253 0.338 60.58 very 36 40.8 (G) 23.87 68.2 20 
small 
254 0.338 46.52 11.8 30 54.3 14. 11 (G) 62.08 63.9 
255 0.375 26.68 1.2 43.11 34.3 (G) 57.16 43.5 
256 0.375 33.44 very 42.7 32.1 (C: ) 22.8 40.53 42.1 
small 
257 0.298 84.20 very 87.12 15.4 (G) 60 119.88 66.7 
small Point (B) 
258 0.272 155.3 25.85 65 171. 3 42 (G) 65 157.6 33.93 65 
259 0.262 176.3 28.15 62 176.3 48.5 (G) 176.3 38.33 62 
260 0.25 217.5 5-6 (G) 70 
270 0.386 chuffing combustion only 
from 0% - 16% in the UTREZ binder system. This 
extinction curve on the L * -P plot should bear*a.,!e-
lation to the stability boundary on the same L -P 
plot and hence the data are of relevance here also. 
(Usually, in a given propell~t, higher frequencies 
are associated with lower L values. Higher fre-
quencies imply higher dp/dt values. Thus, the 
dW dt ordinate may be looked upon as an inverse 
L ordinate. This ar~ument is crude and assumes, 
for example, that If'l is of.the same order of 
magnitude as the L varies. But the general con_ 
clusions from this certainly seem to be valid,as 
may be seen in ref. 15. ) 
The stability boundary for the TPH propellant 
shown in fig. 9 is also in agreement witt. i~e gener-
ally accepted shape of such a boundary' . The 
10 
line is very steep and clearly indicates that the de. 
tails of a propellant formulation are very impor-
tant in determining i~s stability characteristics 
even in the siInple L mode. (For example, the 
LS -60 .and TPH propellants both have polybutadien~ 
backbone in the binder. The LS-60 employs PBAN 
and the TPH, GTPB. Both of these propellants use 
16% aluminum. ) 
The A-13-2A propellant is particularly im-
portant in the present studies since the propellant 
is formulated to be a minor variation of the earli-
er 18, 19 A-13 propellant. As can be seen in fig. 10, 
the stability boundary could not be well defined dul'l-
ing these tests. For comparison, the earlier data 
on the A-13 propellant are also presented. 
Several questions arose with regard to the A-
13 propellant, particularly regarding the parabolic 
shape of its stability boundary. Since the presen-
tation of the earlier data19 , SOlTle tests were re-
peated with the A-13 propellant in the low pressure 
seglTlent of operation. The results once again in-
dicated ~table operation at low pressures and 
slTlall L . Thus, the,J>arabolic shape of the stabil-
ity boundary for the A-13 propellant is consistently 
seen in our e~erilTlents. The stability boundary 
points of the A-13-2A propellant are practically all 
within the earlier parabole;:.(fig.lO). Also, the pro-
pellant has in1icated tilTle -independent cOlTlbusti'23l 
at values of Land lTlean pressure at which the A-
13 propellant operated in the BMI or chuffing re-
gilTle. 
There is a general agreelTlent in the litera-
ture l , 6, 7, 8-12,15 that the addition of alulTlinUlTl 
tends to lTlake a propellant lTlore unstable ,in the L~' 
lTlode,:.., This is not seen in the present experilTlents 
with A-13-2A. The experilTlental data were gener-
ally of the quality shown in figs. 4 and 5. As can be 
seen, possible ilTlprovelTlents in our experilTlental 
technique are unlikely to alter the basic conclusion 
that the A-13 -2A propellant is lTlore stable than the 
A-13 propellant, at least in the range tested. It is 
possible that a propellant with 2% alulTlinulTl repre-
sents an "insignificant" change frolTl a 0% alulTlinUlTl 
propellant and cannot be used as a basis for defi-
nite statelTlents regarding stability trends. The 
SaIne 2 % alulTlinUlTl addition in the polyurethane 15 
systelTl seelTlS to have indicated a shift towards 
greater instability, although it is a very slTlall 
shiftl5 indeed. More testing with the SaIne propel-
lant along with its next s ucces sive change (4% alu-
lTlinulTl in A-B) lTlay help to resolve the issue. 
It is lTlentioned in the literature that aCCUlTlU-
lation of alUlTlinUlTl on the propellant surface re-
s ulting in "periodic shedding" of the alulTlinulTl, be-
cause of inefficient cOlTlbu~tion at low pressures, 
probably aggravates the L instability problelTl. 
The frequency of such a periodic shedding would 
also be low and lTlight lTlatch with the low frequen-
cie s natur all y prevalent in the L~' lTlode instability. 
In the present case, no such periodic shedding has 
lTlade itself evident in the pressure traces, an~ 
could account for the non-aggravation of the L 0 in-
stability. The polyurethanes are known to lTlelt 
readily, and a naturallTlelt layer on the surface of 
the burning propellant lTlay lTlake a difference in 
the behavior of even slTlall concentrations of alu-
lTlinUlTl (like 2%). 
Frequency of BMI 
As seen in fig. 11, the frequency of the A-13-2A 
and TPH propellants forlTl two rather well defined 
regions. The case of the LS-60 propellant is inter-
esting, in that it seelTlS to follow two separate fre-
quency band~: The best fit line through the earlier 
data on the A-13 propellant is also presented in 
fig. 11. 
For a given oxidizer particle size in the pro-
pellant forlTlulation, such siInple bands have indeed 
been observed in the past, at l",ast for lTlonolTlodal 
distributions. The addition of lTletal does not seelTl 
to contradict this general trend. The frequency of 
oscillations was argued 14, 19 to be strongly influ-
enced by the oxidizer particle size. Thus, with bi-
lTlodal oxidizer particle sizes, it is natural to ex-
pect two principal frequencies. In fact, such 
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Fig.l1. Observed Frequencies of BMI Oscillations 
Ildual frequency" oscillations have indeed been seen 
during the course of a single experilTlent 14. 
At this stage a digression is necessary to 
clearly understand the nature of the oxidizer parti-
cle size referred to in the industry. Typically, the 
oxidizer particle size is deterlTlined by the plot of 
the size (in lTlicrons) versus the precent-weight-
less -than in the distribution. A typical distribution 
~ shown in fig. 13. This is the blend used in our 
A-B. The distribution is popularly known as ninety 
lTlicron AP, although it is readily appreciated that 
901-l represents neither the 50 % nor the 100 % wt. 
average point! In our previous work 18 it was 
found that the 100 % weight averaj5e point (a lDO ) was far lTlore significant than the 50 "fo weight average 
point (aSO)' Hence, in all of our discussion we re-
fer to a particle size by its alOO in microns. The 
"unground" AP in LS-60 has its aSO = 17S\-1 and 
alOO = 33SIJ· The "No. S grind" AP in LS-60 has 
aSO = 11 \-1~and al 00 ~ 43\-1. The "Ninety" micron AP 
used in A-13 and A-13-2A has a SO =39.SIJ and 
alOO=lOOu. 
The frequencies seen with the TPH propellant 
probably correspond to the coarser oxidizer par-
ticle sizes. Simple scaling rules are not available 
to confirm this speculation. The two principal fre-
quency bands seen with the LS-60 do not seem to 
directly scale with the oxidizer particle sizes in 
its bimodal blend. (7. S is the ratio of coarse to 
find oxidizer sizes and the frequency ratio is lnore 
like 2 - 2. S. ) The scaling rule developed in ref. 14 
for bimodal blends was for non-metallized propel-
lants, and .seneralizations to propellants having as 
high as 16% aluminum are not clear. In fact, the 
frequency of the LS-60 propellant correlates much 
better with the thermal depth scale (x/r), i. e., 
with the standard normalization n == (f x/? ) in fig. 
14. Such a normalized variable was not success-
ful in correlating the data on propellants using 
monomodal distribution of AP as dis cus sed in de-
tail in ref. IS. Thus, it is tempting to speculate 
that the thermal depth scale has an influence on the 
frequency of BMI when the condended phase hetero-
geneity cannot be well defined, either because of 
multimodal distribution of particle sizes or be-
cause of heavy concentrations of aluminum. (Inci-
dentally~ a thermal diffusivity value of 11 X 10-4 
cm
2 
sec- has been consistently used for all of our 
propellants. Its value is not precisely known; but 
its precise value is not crucial for our purposes, 
since it enters only as a scale factor in our cal-
culations .) 
The frequency data on the A-13-2A propellant 
show the general trends observed earlier with the 
A-13 propellant. In our earlier study, the following 
normalized variables were found to correlate well 
the frequency data on four different propellants, 
r 
':' r 
and L -
x 
The ar guments behind the s esc ale s ar e fully dis-
cussed in ref. IS. Briefly, the f a100/r normalizes 
the observed frequency with the "fayered" frequen-
cy in the condensed phase, i. e. , the frequency of 
the surface pas sing one layer of the oxidizer par-
ticles. The characteristic length normalized by 
the gas pha.3e flame standoff distance leads to 
L':'r/ II.. [It should be recognized that we are not 
correlating r vs. l/r. For exampl~" the other-
corre!,atio!C suggested by Beckstead1lJ was 4xw/r2 
vs. L"'/(C"'r 2 /4xRT£) which is obviously not a 
-2 -2 
correlation of l/r vs. l/r . J Such a ,elot is pre-
sented in fig.12. Earlier data on the A-13 propel-
lant is shown along with the best-fit line drawn 
throuJ?;h the earlier data on :(8ur different propel-
lants f 9. It is seen that the A-13-2A data seem to 
be an extension of the A-13 data although rather 
away from the general trends of overall behavior 
of non-metallized propellants studied earlier. The 
presence of 2% aluminum is seen to shift L""r/x to 
lower values. Otherwise, a correlation is unmis-
takable in this group of variables. 
With the inclusion of aluminum in the propel-
lant, the flame standoff distance is likely to be 
higher than with its non-metallized counterpart. 
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A-13-2A data compared with earlier A-13 
data. 
The scaling resultes! from assuming that the flame 
stand2ff distance X'" was proportional to u g . That 
is, X'" = ( A constant)· u • The value of tfiis pro-
portionality constant is l&elY to be higher for met-
al!ized propellants. Thus, the value of the ratio 
L"'/X'~ is likel~to be lower than what has been as-
sumed for the A-13 pr£Pellant and carried over 
without change to the A-13-2A case also. More ex-
perimental observations are needed to quantitative-
ly confirm this point, but the argument is consis-
tent with our general picture of metallized com-
posite propellant combustion. It is thus seen that 
some features of aluminum combustion may be 
necessary to satisfactorily explain the data. While 
2 % aluminum", addition did not make its pre s ence 
felt in our L'" studies, either through its "desta_ 
bilizing effect at the low pressures and frequencies" 
or through the "periodic shedding" process, its 
simple combustion effects in the gas phase may 
well control some of the observed frequency vari-
10 
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ations with L ~'. Thus, we arrive at the interesting 
possibility that the L* instability research may 
actually aid us in our studies of distributed gas 
phase combustion with the metallized propellants 
at low pressures. 
V. Conclusions and Future Work 
The pre sent experiments on metallized pro-
pellants and comparisons with our earlier data on 
non-metallized propellants have yielded a variety 
of data that support the following general state-
ments. Some of these conclusions are !tot new 
either to metallized propellants or to L 0' insta-
bility, but the others are thought to be new. In 
any case, the data obtained should aid~the inter-
pretation of propellant behavior and L instability, 
and hence should be of value in any theoretical 
treatment of this phenomenon. 
The stability boundaries of the heavily metal-
lized TPH and LS -60 propellants are of the same 
general shape as has been reported for other 
propellants elsewhere. But the case of the mildly 
metallized A-13-2A is not so certain. The para-
bolic shape of the stabilitr boundary of its non-
metallized counterpart (A-13) is consistently seen, 
and the inclusion of 21> alumillum in place of AP 
seems not to aggravate the L'r instability. The 
quality of experimental data obtained as seen 
both in the pressure trace and in the frequency 
data indicates that improvements in the experi-
mental technique are unlikely to alter these fun-
damental observations. Such small concentra-
tions (2%) of aluminum seem to depend for their 
influence on the nature of the binder system in 
the propellant. 
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In this respect, a melting binder (PU, for ex-
ample) may give a very different res ult from a 
non-melting binder (PBAN, for example). Also, no 
direct evidence is available of the periodic shed-
ding frequency or associated effects with the 21> 
aluminum addition to A-13. 
The BMI freq uency of highly metallized com-
posites employing multimodal AP distributions is 
probably more readily understandable in terms of 
the thermal depth in the condensed phase than in 
terms of the condensed phase heterogeneity (oxi-
dizer particle size). This may be because of the 
presence of molten aluminum on the propellant 
surface, which may obscure the particle size ef-
fects (which are not well defined anyway with mul-
timo,Sal AP distributions). The BMI frequency of 
the A-13-2A propellant shows a decrease in value 
from the non-metallized A-13 at similar values of 
L*. The frequency definitely scales with the oxi-
dizer particle size and seems to form a logical ex-
tension on the normalized curve of frequency vs. 
characteristic length. Whether this is due to the 
small concentration of aluminum or due to the 
monomodal distribution of AP is not certain at this 
stage, but is probably due to the former. The next 
~eries of experiments with 41> and 81> aluminum in 
A -13 (in place of AP) should answer this question 
in more certain terms. Also, the frequency cor-
relation technique has indicated that the gas phase 
combustio~ zone may have important influences 
over the L" instability behavior with metallized 
propellants, an effect not apparent with the non-
metallized propellants tested earlier 18 , 19. 
Composite propellants can show BMI at much 
higher pressures than what is normally thought of 
s 
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Fig. 14. Freq uency data on the LS -60 propellant 
norrrlalized with respect to the therrrlal 
tirrle. 
* (.:s 100 psi) as their L instability dOrrlain. 
Silicone oil on the nozzle surface is effective 
in preventing the slag buildup on srrlall rrletal noz-
zles, at least for short durations. This beneficial 
effect is probably due to decreased heat transfer 
to the rrletal nozzle. The effect appears to be 
physical and not cherrlical; use of silicone grease 
was not effective in preventing nozzle buildu~. 
Liquid propellant researchers have reported 7 
greatly reduced heat transfer to inert surfaces 
with srrlall percentages of silicone cOrrlpounds in-
cluded in the propellants. Sirrlilar techniques are 
being considered m solid propellants also. Propel-
lants will be forrrlulated with silicone cOrrlpounds 
in therrl and the effect on heat transfer to inert 
surfaces will be deterrrlined. Loss in propellant 
perforrrlance (Is.];» will also be deterrrlined. COrrl-
pounds in propenant forrrlulation to cOrrlbat heat 
transfer rrlay soon enjoy the sa=e status of COrrl-
pounds that are presently used for rrlechanical 
property irrlproverrlent. The possible overall econ-
OrrlY is self evident. 
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List of SYrrlbols 
oxidizer particle size in rrlicrons' or Crrl 
the 100% wt. average pOint} fig. 13 shows 
the 50% wt. average point the details 
nozzle throat area 
specific heat 
characteristic velocity of cOrrlbustion gases 
nozzle throat dia=eter 
propellant dia=eter (= burner I. D:-) 
freq uency (Hz) 
* cha=ber characteristic length (= V c~ A ) 
P,P,P 
c 
steady-state pressure index in (r <X pn) 
rrlean pressure in the cha=ber 
fluctuating pressure a=plitude (peak to 
peak) 
Ip'l 
R 
r 
r 
u 
w 
1. 
2. 
gas constant 
instantaneous burning rate of propellant 
rrlean burning rate of propellant 
fla=e terrlperature of cOrrlbustion gases 
tirrle 
gas flow velocity leaving the propellant 
surface 
cha=ber free volurrle 
fla=e standoff distance above the burning 
propellant surface 
therrrlal diffusivity 
circular frequency (= 27ff) 
gas phase 
condensed phase 
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